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  Abstract 
 
Natural products are small molecules produced by a range of living organisms. They may 
be toxic or have pharmaceutical applications as antibiotics, anticancer, antiparasitic and 
anti-fungal agents. Natural products are commonly synthesized by nonribosomal peptide 
synthetases (NRPSs) and polyketide synthases (PKSs), such as microcystins. Ribosomal 
pathways in cyanobacteria are also known for the synthesis of bacteriocins, lantibiotics, 
cyanobactins and microviridins. Genes encoding biosynthetic enzymes of these systems 
are often found together and form gene clusters. 
The filamentous cyanobacterium Anabaena sp. strain 90, a hepatotoxin producer isolated 
from a bloom of a Finnish lake, was selected for genome sequencing, in order to explore 
its full capacity of bioactive compound production. The 5.3-Mb Anabaena sp. 90 genome 
displays a multichromosome composition with five circular replicons: two chromosomes 
and three plasmids. A total of four nonribosomal biosynthetic gene clusters, which are 
responsible for the production of anabaenopeptilides, anabaenopeptins, microcystins and 
the novel glycolipopeptides hassallidins, were identified in chromosome I. Genome 
annotation revealed that Anabaena sp. 90 genome also harbors an anacyclamide-encoding 
cyanobactin gene cluster and seven putative bacteriocin gene clusters, which belong to the 
ribosomal pathways. These biosynthetic gene clusters amount to a total of ~250 kb, and 
5% of the genome. 
Analysis of the Anabaena sp. 90 genome suggested that cyanobacteria might produce 
bacteriocins. A thorough genome mining at the phylum level was conducted targeting the 
discovery of cyanobacterial bacteriocin biosynthetic pathways. The results demonstrated 
the common presence of bacteriocin gene clusters in cyanobacteria. A total of 145 
bacteriocin gene clusters were discovered, the majority of them were previously unknown. 
Based on their gene organization and domain composition, these gene clusters were 
classified into seven groups. This classification is supported by the phylogenetic analysis, 
which also indicates independent evolutionary trajectories of the gene clusters in different 
groups. By scrutinizing the surrounding regions of these gene clusters, a total of 290 
putative precursors were located. They showed diverse structures and very little sequence 
conservation of the core peptide. 
To explore the distribution of NRPSs and PKSs, a comprehensive genome-mining study 
was carried out and demonstrated their widespread occurrence across the three domains of 
life, with the discovery of 3,339 gene clusters from 991 organisms, by examining a total of 
2,699 genomes. The majority of these gene clusters were found in bacteria, in which high 
correlation between bacterial genome size and the capacity of NRPS and PKS biosynthetic 
pathways was observed. Currently, PKSs are classified into three types. Type I PKSs and 
NRPSs are known to share a modular scheme with a multidomain structure. Surprisingly, 
a large number (8,906) of enzymes encoding a single NRPS or type I PKS functional 
domain were found. These monodomain enzymes have a similar genetic organization to 
type II PKSs, which are nonmodular enzymes. The finding of common occurrence of 
nonmodular NRPSs and type I PKSs substantially differs from the current knowledge. 
Furthermore, a total of 314 gene clusters comprised mostly of monodomain enzymes were 
found. In addition, sequence analysis suggested that the evolution of NRPS machineries 
was a combination of common descent and horizontal gene transfer. 
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!1. Introduction 
 
1.1 Natural product biosynthesis 
 
Natural products are small compounds produced by living organisms. They are often 
biologically active with pharmaceutical applications, since a substantial number of drugs 
are derived from these natural products (Newman and Cragg 2007). Natural products 
include a wide range of bioactive compounds, such as nonribosomal peptides, polyketides, 
fatty acids, bacteriocins, cyanobactins and lantibiotics. They are biosynthesized by 
corresponding enzyme systems. 
 
Significant portions of known natural products are derived from nonribosomal peptides 
and polyketides (Donadio et al. 2005). They were biosynthesized by nonribosomal peptide 
synthetase (NRPSs) and polyketide synthases (PKSs), respectively. Both enzyme systems 
function as production lines that assembly substrate monomers into end products 
(Fischbach and Walsh 2006). More recently, an increasing number of natural products 
have been discovered that are! ribosomally synthesized and post-translationally modified 
peptides (RiPPs) (Arnison et al. 2013). These peptides usually are crafted from short 
ribosomally produced precursors by a number of proteases and then modified by certain 
tailoring enzymes (Fig. 1). Ribosomal peptides usually are classified according to the 
different set of peptidases and modification enzymes they utilized. 
 
 
 
Fig. 1. Illustration of biosynthesis for RiPPs from the precursor peptide (modified from 
Arnison et al. 2013). The precursor peptide usually contains a leader peptide and a core 
region that is transformed into the mature product. N-terminal signal peptide and C-
terminal recognition sequence may present in some precursors. Many of the post-
translational modifications are guided by leader peptide and recognition sequence. 
 
Genes encoding the enzymes involved into the biosynthesis, modification and regulation 
of these natural products often form gene clusters. Based on present knowledge of natural 
product biosynthesis, most of the natural product biosynthetic machineries for an 
organism could be determined using bioinformatic analysis given that the genome is 
available (Walsh and Fischbach 2010).  
 
1.1.1 Nonribosomal peptide biosynthesis 
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!Nonribosomal peptides form a diverse group of natural products that are synthesized by 
large multifunctional nonribosomal peptide synthetases (NRPSs) (Finking and Marahiel 
2004). NRPSs often possess multiple domains that organize into modules.  Each module, 
except the starter one, usually has three core biosynthetic domains: adenylation (A), 
peptidyl carrier (PCP) and condensation (C) domains, which coordinately incorporate one 
amino acid or hydroxyl acid to the product, in addition to optional auxiliary domains of 
thioesterase (TE), epimerization (E), N-methylation, heterocyclization (H), formylation 
and oxidation (Fig. 2). Nonribosomal peptide biosynthetic gene clusters encode proteins 
with one or multiple modules, which form complexes operating as assembly lines 
(Fischbach and Walsh 2006), and often follow the colinearity rule (Marahiel et al. 1997). 
Currently, NRPSs have been known only in modular scheme with three subgroups: linear, 
iterative and nonlinear (Mootz et al. 2002). 
 
 
Fig. 2. Illustration of NRPS biosynthesis assembly line (modified from Strieker et al., 
2010). The amino acids are activated by the adenylation (A) domain and transferred by the 
peptidyl carrier (PCP) domain. Peptide bond is formed by the condensation (C) domain. 
Amino acids may be modified, for example by epimerization (E) domain. The release of 
final product is usually catalyzed by thioesterase (TE) domain through either hydrolysis or 
macrocyclization. The numbers of modules and modification domains can be very 
variable. 
 
1.1.2 Polyketide biosynthesis 
 
Polyketides are a group of secondary metabolites synthesized from carboxylic acids by 
polyketide synthases (PKSs), which are not only structurally and enzymatically similar but 
also evolutionarily related to the fatty acid synthases (FASs) (Jenke-Kodama et al. 2005). 
Currently, PKSs are classified into three types. This classification is adapted from the 
predated field of FASs (Staunton and Weissman 2001). 
8
	   
Type I PKSs and FASs are large megasynthases and share a module-based biosynthetic 
strategy (Meier and Burkart 2009), which is also employed by NRPSs. However, their 
modularity levels are different in that types I FASs have only one module that iteratively 
stacks the same monomer to a polymer (Smith and Tsai 2007), whereas NRPSs and type I 
PKSs have varied modules and function as assembly lines (Fischbach and Walsh 2006). 
The occurrence of hybrid systems between NRPS and type I PKS can be attributed to their 
similar biosynthetic mechanism (Du et al. 2001). The type I PKS modules, which are 
responsible for the monomer carboxylic acid incorporation, also constitute three core 
domains: acyltransferase (AT), acyl carrier domain (ACP) and ketosynthase (KS), in 
addition to additional modification domains of ketoreductase (KR), dehydratase (DH), 
enoylreductase (ER) and aminotransferase. 
 
In contrast to type I PKSs, type II and III PKSs are short proteins with a single functional 
domain (Jenke-Kodama et al. 2005). Like type II FASs, type II PKSs have a minimal set 
of individual enzymes: two KS and one ACP proteins, which are clustered together and 
iteratively used for biosynthesis of aromatic polyketides (Hertweck et al. 2007). Type III 
PKSs are also monofunctional proteins, which lack ACP protein and form homodimers 
with a single active site for chain elongation (Shen 2003, Yu et al. 2012). 
 
However, the occurrence of many transition state PKSs has diminished credibility of the 
present classification (Muller 2004, Wenzel and Muller 2005). For instance, some iterative 
PKSs are almost indistinguishable from type I FASs (Moss et al. 2004). In addition, a 
transition state of type II and III PKSs was found to be independent of the ACP domain 
(Kwon et al. 2001). A transition state between type I and II PKSs was also discovered in 
the trans-AT PKS clusters, in which a distinct AT protein iteratively loads the monomers 
in trans for other modular PKSs that lack AT domain (Cheng et al. 2003). Therefore, it 
would be expected that the discovery of novel PKS architectures alongside the rapid 
expansion of genomic data would lead to reclassification of PKSs (Muller 2004). 
 
1.1.3 Bacteriocin biosynthesis 
 
Bacteriocins, a class of ribosomal peptides with diverse structures, are emerging as 
alternatives to traditional antibiotics due to their significant inhibition against other 
bacteria (Cotter et al. 2013), in addition to other applications, such as food preservatives 
(Galvez et al. 2008). They have been found in all major lineages of bacteria (Riley and 
Wertz 2002). However, bacteriocin research has focused mostly on lactic acid bacteria 
(Nes et al. 2007). Bacteriocins are grouped into four classes (Cotter et al. 2005, Oman 
2011, Stepper 2011). The bacteriocin precursors commonly contain a conserved N-
terminal leader sequence with double glycine motif (Oman and van der Donk 2010), 
which is recognized and cleaved by a C39 peptidase domain (Håvarstein et al. 1995). The 
double glycine motif was later refined to M(R/K)ELX3E(I/L)X2(I/V)XG(G/A) (Dirix et al. 
2004). Associated tailoring enzymes may provide post-translational modifications such as 
lanthionine formation (Willey and van der Donk 2007), macrocyclization (Willey and van 
der Donk 2007), dehydration (Onaka et al. 2005), or heterocyclization (Li et al. 1996, 
Milne et al. 1999). A previous genome mining study for bacteriocin gene clusters in 
Gram-negative bacteria revealed a number of ABC transporter domain-containing proteins 
(Dirix et al. 2004). They were shown to be responsible for the export of bacteriocins 
(Håvarstein et al. 1995). A three-gene transport cluster was shown to be associated with 
9
	  the bacteriocin production (Haft et al. 2010). Two subgroups of double-glycine-type 
precursors (NHLP and N11P) were also discovered (Haft et al. 2010). Lantibiotics are a 
class of bacteriocins containing the amino acid Lanthionine, which are modified by the 
bifunctional lanthionine synthetase (Willey and van der Donk 2007). Genome-mining 
tools (de Jong et al. 2006, 2010) and databases (Hammami 2007, Hammami et al. 2010) 
are now available for bacteriocin analysis. 
 
1.2 Genome sequencing 	  
The aim of genome sequencing is to determine the entirety of an organism’s genetic 
information, which includes both the coding sequences (genes) and non-coding sequences 
of the DNA or RNA (Ridley 2000). Genome sequencing had been started since seventies 
of last century (Sanger et al. 1977a, Staden 1979), soon after the invention of the Sanger 
sequencing method (Sanger et al. 1977b). Ever since, this research field has boomed and 
led to the interdisciplinary scientific field of bioinformatics (Hagen 2000). Enabled by the 
high efficiency obtained from technical innovations (Smith et al. 1986, Shizuya et al. 
1992), a large number of high-throughput sequencing projects were achieved, from the 
first bacterial genome (Fleischmann et al. 1995) to the human genomes (Venter et al. 
2001, Lander et al. 2001). At the meantime, the whole genome shotgun (WGS) 
sequencing (Fig. 3) (Venter et al. 1998, Myers et al. 2000) was shown to be more cost-
effective than the hierarchical shotgun (HS) approach (McPherson et al. 2001, Waterston 
et al. 2002), and thus commonly accepted as standard.  
 
Starting from this century, genome sequencing has been greatly accelerated as the 
emerging of many ultra-high-throughput sequencing techniques and methods, which 
include Massively Parallel Signature Sequencing (MPSS) (Brenner et al. 2000), 454 
pyrosequencing (Margulies et al. 2005), Polony sequencing (Shendure et al. 2005), Solexa 
(Illumina) (Bentley et al. 2008), SOLiD (Valouev et al. 2008), and Ion Torrent (Rusk 
2011). These systems are collectively termed as the next-generation sequencing (NGS) 
platforms and extensively reviewed (Mardis 2008, Shendure and Ji 2008, Mardis 2013), in 
addition to the upcoming 3rd generation methods, like Helioscope single molecule 
sequencing (Harris et al. 2008), Nanopore (Clarke et al. 2009), Single Molecule real time 
SMRT sequencing (PacBio) (Eid et al. 2009), DNA nanoball sequencing (Drmanac et al. 
2010) and Tunnelling currents (Di Ventra 2013). Compared to the capillary Sanger 
sequencing, NGS platforms obtained dramatically magnified yield in data volume at a 
much lower cost (Table 1). The quickly accumulated sequences delivered by NGS 
instruments profoundly impacted biological research by contributing significant amount of 
genomes (Mardis 2013), and provoked other more ambitious projects, such as the 1000 
Genome Project for human (1000 Genomes Project Consortium et al. 2010) and the 
Genome 10K Project to cover almost every vertebrate genus (Genome 10K Community of 
Scientists 2009). 
 
1.2.1 Assembly, scaffolding and gap closure 
 
The controversy between very long stretch of genome sequences and limited read lengths 
of current technology is solved by over amount of random sequencing and reconstruction 
(or assembly) using computer programs (Myers et al. 2000). Genome assembly requires 
intensive computational resources to build up continuous genomic pieces (contigs) by 
merging sequencing reads having overlaps. A growing number of assemblers has been 
10
	  developed and utilized in assembling prokaryotic and eukaryotic genomes, such as Phrap 
(Green 1994), Celera Assembler (Myers et al. 2000), ARACHNE (Batzoglou et al. 2002), 
AMOScmp (Pop et al. 2004), as well as Velvet (Zerbino and Birney 2008) and SOAP (Li 
et al. 2010a) that were designed for short-read NGS data. Previously in the Sanger 
sequencing, a de novo genome project usually generates sequence data to 8-10X genome 
coverage for assembly, according to the Lander-Waterman model (Lander and Waterman 
1988). Genome assemblies of NGS projects now often accumulate data amount to 20X 
coverage or more (Lim et al. 2012), and therefore have exerted more challenges on 
bioinformatic tools for genome assembly (Dolled-Filhart et al. 2013).  
 
Fig. 3. Schematic presentation of whole genome shotgun (WGS) strategy used in the 
Sanger sequencing. 
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  Repetitive genomic regions larger than read length often cause misassemblies and lead to 
gaps (Salzberg and Yorke 2005). Scaffolding is the linking and ordering of contigs into 
clusters (scaffolds) with regard to paired-end reads located in different contigs (Fig. 3). 
Gaps within scaffolds can be resolved by targeted sequencing, such as primer walking 
over the PCR products of the gap regions (Fig. 3). Due to their short read lengths, 
however, NGS genome projects are usually fragmented, which is difficult to be improved 
by simply increasing the genome coverage (Treangen and Salzberg 2011). These obstacles 
restricted the application of NGS in de novo sequencing and derived a growing number of 
partial genomes, which conflict with the original aim of genome sequencing (Alkan et al. 
2011). A method of adding tuned-size paired-end data according to repeat structure of a 
genome was shown to be effective in improving assembly quality of prokaryotic genomes 
(Wetzel et al. 2011). Another more promising method using long SMRT read has been 
recently developed to obtain complete genome (English et al. 2012). 
 
1.2.2 Genome annotation 
 
Genome annotation is an essential task of interpreting the biological information from 
assembled sequences, since all the downstream biological researches are based on this 
information (Stein 2001). There are two main tasks in genome annotation: gene finding 
and protein function assignment. Different gene finding programs were developed for the 
determination of open reading frames in prokaryotic (Delcher et al. 2007) and eukaryotic 
genomes (Burge and Karlin 1997, Majoros et al. 2004, Keller et al. 2011), since additional 
efforts are required in recognizing intron-exon boundaries for eukaryotic genes. In 
addition, homology (Altschul et al. 1997) and motif (Lowe and Eddy 1997) search 
programs were used for identifying non-coding RNAs. According to the principle that 
shared sequence implies shared function, protein functions are derived from the most 
similar hits among various protein databases, such as the non-redundant database, Uniprot, 
COG (Tatusov et al. 2003), TIGRFAMs (Haft et al. 2003) and Pfam (Finn et al. 2014). 
InterPro is a very useful annotation package by gathering many protein signature 
databases (Hunter et al. 2009), it also includes a search engine, InterProScan, for whole 
proteome analysis (Mulder and Apweiler 2007). Nowadays, annotation is a routine work 
after genome sequencing and mostly processed by automatic pipelines compiled by 
different tools. However, the involvement of manual curation can significantly improve 
the annotation quality. 
 
1.2.3 Genome databases 
 
Since the completion of the first bacterial genome Haemophilus influenza (Fleischmann et 
al. 1995), there has been an exponential growth of sequenced genomes (Fig. 4). To date, 
various genome databases are available, such as the Joint Genome Institute genome portal 
(Grigoriev et al. 2012), the Comprehensive Microbial Resource (Peterson et al. 2001) and 
the Saccharomyces Genome Database (Cherry et al. 2012). These specialized genome 
databases usually are manually curated and with detail annotation, but often targeting for 
specific organisms and lineages. The genomes of these databases were also deposited into 
the National Center for Biotechnology Information (NCBI, http://www.ncbi.nlm.nih.gov/) 
of United States of America. NCBI houses the most comprehensive biological information 
databases in the world. 
 
13
!There are two genome databases in NCBI: GenBank and RefSeq (Pruitt et al. 2009). Both 
contain complete and partial genomes, and can be accessed through the file transfer 
protocol (FTP) services. GenBank, together with the European Molecular Biology 
Laboratory (EMBL) and the DNA Data Bank of Japan (DDBJ), are the three major portals 
for international biological sequence submission. Sequences produced in laboratories, 
genome centers and companies throughout the world should be submitted to one of the 
three portals, in order to obtain the accession numbers for publications. Submitted 
sequences are synchronized between the three databases in a daily basis so as to maintain 
the data consistency. The GenBank genome database (ftp.ncbi.nih.gov/genbank/genomes/) 
deposits the submitted genomes, which are required to meet certain annotation criteria 
before acceptance. However, GenBank does not curate the genomes and just act as an 
archive of sequence data. In contrast, the RefSeq genome database 
(ftp.ncbi.nlm.nih.gov/genomes/) is curated (Pruitt et al. 2009). The genome records of 
RefSeq are mostly from GenBank, in addition to other curated sources. However, they will 
be reviewed by NCBI staff and may be re-annotated to have more literature references and 
complete annotation. Therefore, these standardized RefSeq genomes are amenable to data 
mining studies. 
 
 
 
Fig. 4. The exponential growth curve of complete prokaryotic genomes deposited in NCBI 
by years starting from 1995, when the first complete bacterial genome was published 
(Fleischmann et al. 1995).  
 
1.3 Cyanobacteria 
 
Cyanobacteria are known as one of the earliest lineages on earth according to the fossil 
records that could be dated back to at least 2.8 billion years ago (Olson 2006). Ever since, 
as the only prokaryotic lineage capable of oxygenic photosynthesis, they have been 
significantly contributing to the atmospheric composition in biosphere (Bryant 1994), 
which have had impact on all life on earth. In the future, photosynthetic activities in 
14
	  cyanobacteria may be utilized as revolutionary biotechnological applications in reducing 
carbon emissions by directing CO2 into fuels (Atsumi et al. 2009). 
 
Cyanobacteria were considered as a rich source of vast array of secondary metabolites 
produced by nonribosomal pathways (Welker and von Döhren 2006, Sivonen and Börner 
2008, Dittmann et al. 2013). Recent studies demonstrated that cyanobacteria also are 
emerging as a prolific source of ribosomal natural products (Sivonen et al. 2010, 
Velasquez and van der Donk 2011, Arnison et al. 2013). Biotechnological and biomedical 
applications have been derived from these highly diverse natural products (Rastogi and 
Sinha 2009, Nunnery et al. 2010). Therefore, cyanobacterial natural product research has 
been attracting scientific research interests. 
 
1.3.1 Anabaena 
 
Anabaena is a genus of filamentous nitrogen-fixing cyanobacteria (Rippka et al. 2001). 
They are common in fresh and brackish water systems (Sivonen et al. 1990, Halinen et al. 
2008). Anabaena can develop heterocyst cells for nitrogen fixation under nitrogen 
limitation (Flores and Herrero 2010). Anabaenas also produce a diverse range of natural 
products both from nonribosomal (Rouhiainen et al. 2000, Rouhiainen et al. 2004, 
Rouhiainen et al. 2010, Rantala-Ylinen et al. 2011) and ribosomal biosynthetic pathways 
(Leikoski et al. 2010). Many of these are toxins and toxic blooms of Anabaena cause 
serious health risk to human and livestocks (Sivonen 2009).  
 
1.3.2 Cyanobacterial genomics	  
 
To date, a total of 73 complete genomes of cyanobacteria have been released (Table 2). 
The previously biased taxonomic distribution toward marine Prochlorococcus and 
Synechococcus strains in this phylum had been recently improved (Shih et al. 2013). 
These cyanobacteria have different lifestyles and habitats, from marine and freshwater 
aquatic environments to terrestrial soil and deserts, and display diverse genomic 
organizations (Hess 2011). Comparative genomic analysis were applied to address the 
issues of evolution (Swingley et al. 2008a), physiology and ecology of cyanobacteria 
(Hess 2008). In addition, genome sequencing revealed that a number of cyanobacteria 
were shown to be potent producers of natural products (Kaneko et al. 2007, Frangeul et al. 
2008, Rounge et al. 2009, Voss et al. 2013).  
 
1.4 Comparative genomic analysis for natural product 
biosynthetic gene clusters 
 
The purpose of genome sequencing is to determine nucleotide sequence of genetic 
materials (chromosomes and/or plasmids) and identify the locations of genes, indicated by 
the blue solid boxes and horizontal lines in Fig. 5. The trend of genomic research is 
switching from sequencing to mining, given the huge amount of genomic data sequenced 
(Fig. 4). In this study, a comparative genomic analysis approach was developed for the 
characterization and comparison of natural product biosynthetic gene clusters, provided by 
the growing number of software tools and databases (Rausch et al. 2005, Caboche et al. 
2008, Bachmann and Ravel 2009, Medema et al. 2011). The logic of this genome mining 
approach is illustrated in Fig. 5, by the line and frame in red. 
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Fig. 5. Illustration of comparative genomic analysis for natural product biosynthetic 
pathways. Genome sequencing provides genetic information of genes and their locations 
for a specific organism, which are indicated by the horizontal lines and solid boxes in blue. 
The continuously increasing genomes are becoming valuable resources for natural product 
research. Their biosynthetic genes, which are indicated by orange solid boxes inside the 
red frame, can be located using software tools and databases. Comparative analysis of 
these gene clusters will yield biological insights into their biosynthetic mechanism, 
regulation and modifications. 
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  2. Aim of the study 
 
In the study, I aim to explore the genetic machineries of natural products synthesized both 
from ribosomally and nonribosomally pathways, by using genome sequencing and 
comparative analysis approaches. 
 
The specific aims of this thesis were: 
 
1. To complete and annotate the genome of hepatotoxin-producing and filamentous 
cyanobacterium Anabaena sp. 90 in order to characterize of the biosynthetic machinery 
used to assemble its full array of bioactive peptides. (I) 
 
2. To study the distribution and evolution of ribosomally synthetized bacteriocin pathways 
in cyanobacteria, and to discover bacteriocin precursor genes encoded by the discovered 
gene clusters. (II) 
 
3. To conduct systematically comparative analysis of biosynthetic pathways of natural 
products synthesized by nonribosomal peptide synthetases and polyketide synthases in the 
three domains of life. (III) 
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  3. Materials and methods 
 
The materials and methods used in this study are listed. Detailed descriptions are in the 
original papers, I – III. 
 
3.1 Strains and organisms 
 
The cyanobacterium Anabaena sp. 90 was selected for whole genome sequencing (I). A 
total of 58 cyanobacterial genomes were downloaded from the Genbank database for 
bacteriocin gene cluster analysis (II). Genome mining of NRPS/PKS biosynthetic 
pathways was based on a total of 2,699 complete archaean, bacterial, fungal and protozoan 
genomes and partial genomes of other eukaryotic organisms (III). 
 
3.2 Methods used in this study 
 
In this study, whole genome shotgun approach was applied in sequencing the Anabaena 
sp. 90 genome (I), and comparative genomic analysis for studying the natural product 
biosynthetic pathways (II, III). 
 
The databases and software tools for specific bioinformatic analysis are listed in Table 3. 
 
Table 3. Bioinformatic analysis tools and databases used in the original publications (I – 
III). 
Bioinformatic Analysis Tools/packages/databases Articles 
Base calling Phred I 
Genome assembly Phrap I 
Genome finishing Consed I 
Gene finding Glimmer I 
tRNA locating tRNAscan-SE I 
rRNA locating blastn search I 
Role category Comprehensive Microbial Resoures I 
RM system REBASE I 
IS identification ISFinder I 
Metabolic pathway prediction Pathway Tools I 
Genome view and editing Artemis I, II, III 
Protein search Blastp I, II, III 
Domain recongnition Interpro I 
Protein classification COG I 
Motif search HMMER III 
NRPS, PKS prediction 2metDB III 
2nd metabolic pathway identification antiSMASH III 
Multiple alignment ClustalW, MUSCLE I, II, III 
Phylogenetic analysis MEGA, PhyML II, III 
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  4. Results and discussion 
 
4.1 Complete genome of Anabaena sp. 90 
 
A rare multichromosome compositon of Anabaena sp. 90 was discovered in the first time 
for the order Nostocales (I). So far, there is only one other cyanobacterial strain 
(Cyanothece sp. ATCC 51142) in cyanobacteria that has two chromosomes, one circular 
and one linear (Welsh et al. 2008). Highly abundant mobile genetic elements with diverse 
sizes were found in the genome of Anabaena sp. 90 (I) and other bloom-forming 
cyanobacteria (Kaneko et al. 2007, Frangeul et al. 2008, Rounge et al. 2009, Stucken et al. 
2010, Voss et al. 2013). These elements are present as repeats in the genomes and cause 
serious problems in genome assembly, so that many genomes of bloom-forming 
cyanobacteria are incomplete (Frangeul et al. 2008, Rounge et al. 2009, Stucken et al. 
2010, Voss et al. 2013). The Anabaena sp. 90 genome was successfully completed with 
high sequence quality by using large insert paired-end data and elaborate finishing (I). 
Moreover, detailed annotation revealed that nearly five percent of the genes were found 
with mutations or disrupted open reading frames, and thus identified as pseudogenes. 
Their occurrences can be associated with the activities of various mobile genetic elements, 
such as MITEs (I). Therefore, pseudogenes caused by mobile genetic elements might be 
common among cyanobacteria, given their richness of transposable elements (Lin et al. 
2011), especially in bloom-forming Microcystis aeruginosa strains (Kaneko et al. 2007, 
Frangeul et al. 2008). However, the reports of pseudogenes have remained undocumented 
in cyanobacterial genomes previously, except for an Azolla symbiont (Ran et al. 2010). 
Furthermore, based on metabolic pathway analysis, it was revealed that these mobile 
genetic elements have been trimming nonessential genes and pathways of Anabaena sp. 
90 during cultivation under laboratory conditions, in which optimal conditions and 
nutrients are available. The truncated gvpG gene in the gvp operon appeared as an 
example, which led to the phenotype with loss of buoyancy after introducing to a purified 
(axenic) culture (Rouhiainen et al. 1995). Because the mobile elements are usually 
considered as foreign origins and RM systems function as microbial defence systems 
against foreign DNAs (Ershova et al. 2012). Thus it was surprising to find a pronounced 
set of restriction-modification (RM) systems in Anabaena sp. 90 (I). This might be the 
outcome of inefficiency of RM systems. 
 
Anabaena sp. 90 was previously known to produce nonribosomal peptides 
anabaenopeptilides (Rouhiainen et al. 2000), anabaenopeptins (Rouhiainen et al. 2010) 
and microcystins (Rouhiainen et al. 2004). The genome project revealed another large 
gene cluster responsible for production of glycolipopeptides (hassallidins), which were 
remained undetected because the gene cluster was inactivated by a deletion event (I). 
Unlike previous works that usually just consider nonribosomal biosynthetic pathways of 
bioactive peptides, gene clusters of ribosomally synthesized natural products were also 
taken into account in this study (I). An anacyclamide-encoding cyanobactin gene cluster 
(Leikoski et al. 2010) and seven putative bacteriocin gene clusters were located. The 
mutants with an inactive hassallidin biosynthetic pathway were prevailed over the cells 
with functional gene cluster in the culture. Hence it appeared that the cells with inactivated 
hassallidin gene cluster obtained certain growth advantages, perhaps due to a lower 
metabolic burden after stopping hassallidin production. And the parallel culture of mutant 
Anabaena sp. 90, which has an inactivated anabaenopeptilide synthetase gene cluster 
(Rouhiainen et al. 2000), still has the intact hassallidin gene cluster. 
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Anabaena is a genus of filamentous diazotrophic cyanobacteria that are capable of both 
photosynthesis and nitrogen fixation. These two processes are spatially separated into 
vegetative cells and dispersed heterocysts in the filaments (Flores and Herrero 2010). The 
heterocyst differentiation process involves regulated cleavage of excision elements and re-
joining of chromosomes (Golden et al. 1991). Previously, three excision elements (nifD, 
fdxN and hupL) were known in Anabaena/Nostoc PCC 7120 (Carrasco et al. 1995, Henson 
et al. 2011). These excision elements may function in insulating nitrogenase and 
hydrogenase from oxygen generated in vegetative cells (Fay 1992). Here, the 
simultaneous presence of four excision elements, including two novel nifH elements, was 
found in Anabaena sp. 90 (I). One of the nifH elements has the largest known size (80 kb). 
These elements extend the nif operon of Anabaena sp. 90 to 122 kb, on which precise 
genomic splicing occurs during the heterocyst differentiation (I). Inactivation of patS and 
hetN genes lead to overproduction of HetR and heterocysts, which is lethal to cells of 
Anabaena/Nostoc sp. PCC 7120 (Borthakur et al. 2005). Thus, the absence of the patS and 
hetN genes in Anabaena sp. 90 (I) and Cylindrospermopsis raciborskii CS-505 (Stucken 
et al. 2010) suggest a new pattern of heterocyst spatial development. 
 
4.2 Widespread occurrences of cyanobacterial bacteriocin gene 
clusters and the classification 
 
The analysis of Anabaena sp. 90 genome (I) promoted the discovery of widespread 
existence of bacteriocins biosynthetic pathways in cyanobacteria (II). A total of 145 
bacteriocin gene clusters were discovered from genomes of nearly all examined 
cyanobacterial species. These gene clusters were classified into seven groups based on 
their gene organization and domain composition. This classification is supported by the 
phylogenetic analysis. 
 
Lantibiotics have specific intramolecular ring structures (Bierbaum and Sahl 2009). The 
counterparts of lanthionine modification enzyme, LanM, have been found in many 
cyanobacterial genomes (Begley et al. 2009, Goto et al. 2010, O’Sullivan et al. 2011). In 
this study, the LanM-containing gene clusters were assigned to group IV. There are nine 
lanM genes found without associated bacteriocin biosynthetic machinery, such as the one 
in Prochlorococcus marinus MIT9313 that is the first known bacteriocin-producing strain 
in cyanobacteria (Li et al. 2010b). Since the phylogenetic analysis suggests that LanM-
encoding gene clusters may work together with gene clusters in groups III, V, and VII (II). 
Therefore, the lantipeptides produced in Prochlorococcus marinus MIT9313 may be 
synthesized by the stand-alone LanM together with the other two group V gene clusters. 
 
4.3 Cyanobacterial bacteriocin precursor genes and their 
discovery 
 
In cyanobacteria, two new families of double-glycine-type precursors, NHLP and N11P, 
were recently discovered (Haft et al. 2010). Metagenomic analysis suggested that huge 
amount of lantibiotics might be produced by strains of Prochlorococcus and 
Synechococcus in oceans (Li et al. 2010b). In this study, hundreds of new putative 
precursors were found through genome mining (II). As a result, more attention will be 
23
!attracted to cyanobacteria for ribosomal natural products research (Velasquez and van der 
Donk 2011). 
 
Unlike previous bacteriocin finding tools that directly look for precursor genes (de Jong et 
al. 2006, 2010), which are difficult to be located due to their compact sizes and often 
absent from conventional genome annotation, a new approach was developed in this study 
by firstly locating large biosynthetic genes and then looking for precursors in the 
surrounding regions. The effectiveness of this method was validated by the large amount 
of novel precursors predicted. 
 
4.4 Distribution of NRPS and PKS biosynthetic pathways 
 
The genome mining presented an atlas of NRPS/PKS biosynthetic pathways (III). A total 
of 3,339 NRPS, PKS and hybrid NRPS/PKS gene clusters were discovered from all three 
domains of life, by scanning a total of 15.72 Gb genomic sequences (Table 4). The 
majority of the gene clusters (2976, 89.1%) were from bacteria. In contrast, only three 
clusters (0.1%) were detected from archaean genomes. The remaining gene clusters are 
mostly from fungi (307, 9.2%), in addition to 53 (1.6%) clusters from other eukaryotic 
organisms. 
 
Table 4. Summary of genomes and gene clusters analyzed in this study. 
 
 
The close relationship between NPRS and PKS was demonstrated by the discovery that 
one third (1145, 34.5%) of the gene clusters are hybrid NRPS-PKS type (III), from which 
a total of 462 hybrid NRPS-PKS megasynthetases were found. These hybrid gene clusters 
tend to possess more domains than the stand-alone NRPS/PKS clusters. For example, 
nearly all trans-AT gene clusters, in which the discrete AT protein is iteratively used for 
the substrate loading to AT-less PKSs  (Cheng et al. 2002, 2003), were found as hybrids. 
 
Highly diverse structural organizations were observed in these gene clusters. The protein 
and domain number are mostly less than 10 and 20, respectively. Data mining also 
revealed the extremes of highly modular NRPS and PKS biosynthetic pathways. The 
largest gene cluster is a hybrid one, which contains 189 domains spread over 23 proteins, 
including 6 large PKSs, 4 NRPSs and talorizing enzymes, gathering in a range of ~250 kb 
in the chromosome of Actinoplanes sp. N902-109. While the largest NRPS and PKS gene 
clusters have 99 domains (7 enzymes) and 92 domains (3 enzymes), and from 
Pseudomonas syringae B728a and Mycobacterium ulcerans Agy99, respectively. At 
protein level, the largest PKS (MULP_065, 17,019 aa) from Mycobacterium liflandii 
128FXT has nine modules constituting 47 domains, while the largest NRPS (plu2670, 
16,367 aa) from Photorhabdus luminescens TTO1 was found with 15 modules consisting 
of 46 domains, and the longest hybrid enzyme (MXAN_3779, 14,274 aa) from 
Myxococcus xanthus DK 1622 possesses 39 domains fused into 1 PKS and 11 NRPS 
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  modules. 
 
Sequence homologies of condensation domain can be evidently observed within the major 
bacterial lineages that produce nonribosomal peptides, in addition to traces of horizontal 
gene transfer events (III). This suggested that the evolutionary process of nonribosomal 
machineries involved both common descent and horizontal gene transfer. 
 
4.5 Common occurrence of nonmodular NRPS and PKS 
biosynthetic machineries 
 
Through examining the domain composition of NRPSs and PKSs discovered from these 
pathways, a great number (8,906) of monodomain enzymes that just carry a single 
functional domain were found in bacteria (III). Their genetic organization differs from the 
current classification, by which NRPSs and type I PKSs are defined as multidomain 
enzymes. Many of these monodomain enzymes were further discovered in close genomic 
vicinity and form around one tenth of bacterial gene clusters, which are similar to type II 
PKSs in genetic organization. The finding of these type II-like gene clusters revealed 
common occurrence of nonmodular NRPS and PKS biosynthetic machineries, which may 
represent the primitive form of modular NRPS/PKS biosynthetic machineries. And the 
hybrid between NRPS and PKS already occurred in these gene clusters. Although the 
biosynthetic mechanism of these novel pathways is unclear, they had been known for the 
biosynthesis of nonribosomal peptides, such as acinetobactin (Mihara et al. 2004). 
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  5. Conclusions and future perspectives 
 
The sequencing project of Anabaena sp. 90 generated its complete genome with high 
sequence quality and detailed annotation. This genome contains a high number of 
pseudogenes that could be attributed to the activities of diverse mobile genetic elements. 
The study indicated that the selective pressure imposed by these mobile genetic elements 
have been trimming the nonessential genes and pathways, including the secondary 
metabolites pathways, under the laboratory conditions. In addition, the array of 
biosynthetic gene clusters that represent the full capacity of bioactive compounds 
production revealed by this study will serve as a basis to study the regulation of natural 
product biosynthesis by functional genomic analysis. 
 
Comparative genomic analysis in cyanobacteria revealed the widespread occurrence of 
bacteriocin gene clusters. This indicates that cyanobacteria are a prolific source of the 
posttranslationally modified peptides, in addition to end products from nonribosomal 
pathways. The classification and phylogeny of these newly discovered bacteriocin gene 
clusters in cyanobacteria represent a major expansion of bacteriocin research from the 
previous focus mainly in lactic acid bacteria. The study also showed that bioinformatic 
analysis is becoming an effective approach in locating candidates of novel natural 
products. A hint from this study is that there might be many gene clusters for ribosomal 
natural product biosynthesis in other bacterial lineages, which are awaiting for 
identification by more extensive genome sequencing and mining. 
 
Consequently, a genome-mining study for NRPS and PKS biosynthetic gene clusters was 
carried out. This study presented a comprehensive atlas of nonribosomal peptide and 
modular polyketide biosynthetic pathways in nature, and demonstrated their widespread 
distribution. The data generated laid a solid basis for future studies in refining biosynthetic 
mechanism, finding new tailoring domains/enzymes and novel natural products, as well as 
the chronological phylogeny of the biosynthetic pathways. The surprising finding of 
common presence of nonmodular peptide synthetase and polyketide synthase further 
corroborates the capacity of genome-mining in creation of new knowledge. 
 
In the future, there is no doubt that genome-based natural product research will expand its 
scope both in breadth (from bacteriocins, NRPs and PKs to others, type II and III PKs, 
terpenoids, lantipeptides etc.) and depth (from gene clusters to structure prediction of 
products and drug lead screening). This study represents a trend in the post-genomic era, 
when high amount of genomic data has been accumulated and data mining is urgently 
required. The comparative genomic analysis is playing a more pronounced role in sorting 
and mining the massive information for natural product research. 
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